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[Folloving is the translation of seversl articles
;Jn the Russian-language book Issledovaniyse po
Zrieroprochnym Splavam (Resexrch on Refractory

Alloys), Vol 8, USSR Academy of Sciences Press,
Moscow, 1962, Additional bibliographie information acoompani“s
ench article.]
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THE EFFECT OF ALLOYING ON THE STRUCTURE AND PROPERTIES OF
POWDER=METAL HARD ALLOYS OF TUNGSTEN CARBIDE AND COBALT

[Following is the translation of an artiele by V, F. Funke,

V. I. Tumanov, Z, S. Trukhanova in the Russian<language book
Iss pe_Zharoprochnym Spl s (Research en Refractory
jeiences Press, Moscow, 1962,
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N ‘ The carbtides of the high melting point metels cof
‘ the IV.VI groups of :he periodic system belong to the
class of metalelike compounds which are chzracterized ty
extreme hardness and temperature resistsnce (3ef 1).
. At present carbide base alloys have been developed
and widely applied in vhich hziigh toughnese and atrength
heve been attained by the introduction of reletively
‘small quantities of the plestic metals, Co and Ni. The
. metalloceramic heat-registant alleya based on titanium
‘earbide (Ref 2) 2nd the hard slloys TiC-WC~Cc (Ref %}
have heen most widely applied in practice. The properties
‘of the metalloceramic hard alloys sre depenient cn the
‘composition and the pattern of the distribution of the
ronding rhase among the carbide grains and this is tc a
’ ‘large extent determined by the wetting of the carbide base
& by the cobalt and nickel.
o This paper presents the results of an investigation
=" of the effects of the ccmposition of the alloye of the

7 VC=Co system. -

o The determination of the wetting edge angle ty the
metrod of quiescent drops showed (Table 1) that cohelt and
‘nickel completely wet tungsten carbide, i.a. the edge
angle (8 ) is equal to zero for the WC-Cc and WC=Ni systems.
With an increase in the titsnium carbide content in the '
carbide vhase the edge angle increased to 21° in =an alloy
containing 23,6% TiC and to 38° in the TiC-Ni system.

Tadtle 1
- © Wetting eige angles of nickel in the system
WC-T4i, C-Ni
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" the TiC«Co alloye they form conglomerztes., In the two-rhase |

In slioys of the system W(=Co the curbhide grains are
envaloped in & scntinuous film of cotsli (Raf 4) even &t
very small gontent (about 1¥) of the tinding nmetal while in |

alloye ccnsisting of 2 solid solution of WC in TiC erd = o O
goralt phase thare is g continucus bond between the graina .
of the gsriide (Fef 5). When the WC content ias 70 end
ahcve the alleys consist of three phages: structurally
free tungsten carhide, a sclid scluvion of WC in Tig, and
8 cobalt phase, With an increase on the content cf struc-
turally free tungsten carbide to 40«5(% vy volume
{15-20% TiC) the continucus bond between the cartide grains
is destroyed, slthough the conglomerates of the graine cf
the titanium phase in which the WC phase is included (Ref ©) : .
pre maintained.,

Pig 1 preseonts the variation of the ultimete strength
in verding and the hardness of the alloys of the systenm
17iC«WC~«Co as & function ¢f the content of titanium carbide . ¢
in the ocarblde phase for s series of alloys with the :uanme i
percent of ccbalt by volume (7 =nd 7°5%4). The WC-(Co alloys
have the highest strength. Wiih an increase in the titanium
cariide content to 307 the stremgth falls to a magnitude of
about 8¢ kg/mm” and then stays ccnstant as the titani
carblde centent ie further incressed (curve 2). An ine
oresce in the cobalt content to £5% by volums {curve 3)
is acccmganied by a significant rise in strength (by about
¢ kg/mm<) in slloys with 8§ and 15% TiC and a rather small
rize in the alloys containing 30% or more TiC. %he
different influence of an increase in the cobslt ecntent cn 1
the properties of alloys vhich differ only in the titanium
carbide content can be explained by elther essentisl .
differences in the compoaition of the solid solution on the
cotalt brae or s different pattern c¢f the cobelt distri- ] .
tution., Although the comrositicn of the cobeit phase mey , i
eh=ngze, these chonges in the alloys containing 8, 15, »nd j
307 TiC cannot be significent since 211 theze alloye are
located within the bounderies of the three~phese domain u
of the rhase diagrem 1iC-WC«Co (phases: TiC, WC, =ana cchaitl.
Allove with & high TiC content lie within the boundaries
of the two-phase domain, Tne sharpest chznges in the
rroverties might ve expected ret witnin the boundaries of

‘the three anc four-phase domain but 2t the transition teo tre

two-phase, {.e. in the srea from 30 tc 607 Ti(, The ncted
differeancea in the pattern of the structure of the alloys
also rffects *the character of their fracture. It ie known
(Ref 7) that the weakest point in the %WC-Co alloys iz &t
the WC-Co boundaries and stress sracks appear on the houn-
dary of sepsration of the WC phase and the gobalt. Ir the
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| TiC base alloys the oracks originate rnd prepsgete along
the grains and conglomeratea of the titanium phase which are
formed as & result of incomrlete wetting (Ref 8).
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Pig 1. Varisticn of the ultim-te bending strength
and harineas cf slloyvs of the system TiC-W(C=Co as
a functicn of the carbide yhase ccmycaitions
1 -« 8lleys containg no ¢obalt
2 - alleys with 77 Co Ty volume
2 - alloys with 204 Co by volume
(&) ultimate bvending strenth, ks/hmz
() hardness, Hv, kg/mm*
- (¢) & WC in csrbide phase

: In WC-Co alloys with low Co content the thin layers
¢f cobalt are "blecked" by the faces of the carbide graing
and ccnnot underge plastic deformntion (Fef 9}, Inerseasing
vlasticity by weans of increasing the coball content leads

t¢ relexation ¢f the stresses wvhich in conditionz of brittle

“fracture provides increassed strensth of the alloys. In
the absenee of continuous bonds tetwaen the grain: of care
bifte, inereasing the cobalt content will lead 1o & ahayyp

‘Tise in the strength.

In alloys ccntaining 30% or more Til the carbide
vhese heccmes the determing factor and increasing the
eohnlt content hes little effext on the sitrength cof thie
alleys in wsieh eontinuous boends between the carbide grains
"zre present,

i The harcness of ithe slloys TiC-WC-Cc vwhich consist

‘0f FPard =nd rrittle carhide rhases &nd 2 cobalt-bage

‘vlsatic rhase is determined by the cemrenition of ithe care

“bide phase and the cobalt eontent, The herdest alloys are

‘ghese which contain no cobalt (FPig 1, curve 1l). Fure
tungaten cardbiie o£ stoichiometric composition hes a harde
ness of 1750 kg/mm< and the hardness increases with an’
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incresse irn the titanium cartide cortsnt. The introdueticn
of cobalt reduces the herdness, however the pattern of its
variation a3 a functicn of the titanium carbide content in
the TiC-%C-Co allcys is analagous t¢ that in the TiC.WC
alloyﬁ .

The dats om the varistion of the bending ultimste
‘strength and herdness for the 2lloys studied as = funciion
of 'he cobslt content are preaented in Fig 2. The curve
showing the variation of the bending ultimste strength
for two~-phase alloys WC-Co pagsses through s maximum
{curve 1). In the case of the three-phzse alloys TiC-Wl=(o0
in which the TiC coentent was 504 by volume or 157 by weight,
Xeray structursl studies (Ref 6) shcwed that the titanium
phase waz under tensile stress arising =za e resuil of the
diffe; ence in the coefficlents of thermal expansion of the
titanium phase and of the WC phese whieh it surrounds.
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Fig 2. Effect of cobalt concentration on the

‘bending ultimate strength and herdness ly of

the TiC-Wl=Co alicys:

1 = WCaCo, 2 « WC=TiC~Co (15%7TiC in carbide),

3 « WC-TiC~Cc (6%ZTiC in carbide)

% bending ultimate strenth, kg/mm?

t

S

Hyy kg/mm=
% by volume of Co

Fig 2 shows that the shape ¢f the ocurve for the
varistion ¢ the bending ultimrte strength as a function cf
the cobealt content for the WC-T4iC-Co three-phase anlloys
(curve 2) is analagous tc the shape for the WC-Co alloys,
The strength curve passes through a maximum. This similarity,
in spite of the ccnsiderable difference in the strocture cf
the alloys, is explained by the fact that in botn cases the
increase in the cobalt content lezds to en increase in the
plasticity, is accompanied by & relaxation of the stresses,
snd inoreases the strength of the alloy. The difference
lies in the circumatanecg that the fragturing strseses arise
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analwsis of .he %*nhxng anp neyhice
}7*}'«‘-’.‘[5@?’. 1 \uCu— Dls BTN 1(‘)"1'1:3
p- LR w‘lmu.‘pmm-u Catge pakt e et H;n,\'-‘ il PoacA g Pt THa

[0} TR Ut S

- . O MMt 36
% ¢ o e ol 6 At B
'vrmu'h-muh Yo wtieries W pedpln ‘5\
e ~.j...&.._..-- 5‘ e
8§ G 6 _
. P

!
|

5 j Y 35 -
@, | 4@ e 1l
e i R
; R 5 ok Ls"“ .
. | i A | 1 ; @ ; | !
EER ¥ ‘ LI l i - ‘l i T T IRRUNE R 1 . V)
LAY RO AR SR % T l $7.9 l 16,60 . B B T :A.-\-la\ 3, B4R v
Moo 60 bag g 12 t U,ﬂl)i 4,0 | 3,4 14,7 ! AN N AN '.“gu) ISR 15.561
(. {H.dﬂ' PR { Lﬁb | O‘WJ : 64 7,.' i,’.’l‘ ‘ 5.3 ‘ h“,U w e y‘,}‘n)‘ _!'55!}
A i Y VO B g - i LR ? i3 16,8 ! DG | 57,04 .,?‘-9‘4/‘. 8[4" 8¢
Cop et 14,78 2,43 L4 0,00 ] 180 550 uu LT ;z,bJ.‘sO,.,.J.f”‘ 5,557
; 4,40 | Vel 367 | A2,0 | 74,0 ;
! . ! | l | Lo |

@'P'mrem»cw;vywry;-nu- e eaoaan Rpahepenis A i Hagasnesas v I X Hgsonaposs,

@&y alloving < onerh

™ eebali concent, ¥ ny welghi
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" oweight &
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s} alloying comvensnt content in earb®ide phase .
] ¢atv¢ce TALAMELErs

WC vhase
neuelt base polid =oluticn
“ toteld aontent in alloy
Xeray structuranl amiysiz perforasd by
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w o dats of Tanle 2 ghiow th

Ty ntoin the alloys coareining
copper snd elaninum e ochalt rhase does net conuvain tunge
Sten cartide in solution. In the Wowlo 2lley withovi 2110y~
trgr =dditives the cotalt phase contains wore then 1% %G.

¢

pner and saluminum are aoluilie in cclalt in rathur
ivpge 0 entities (Refs 12, 13). Towever, these components

"

Titfer aignifieantly in the charschey of




with the cerbide phase. The ccpprer does not resct with
tungsten carbide while 57% of the Al transforms into
the carbvide phase, accompanied ty a considerable reduotion
in the parameters of the tungsten carbide lattice. Moly-
bdenum and chromium are distrituted between the carbdide
and cementing phases which also contain tungsten carbide
in sclution.

The concentration of the cobalt based solid solution
during alloying with the carbide-forming elements
(Mo, Cr, A1¥ inor=ases with an increase in the free energy
of formation of their carbides but the percentage of the
alloying metal transformed to the carbide phase is decrcased.

The introduction of boron in the form of chromium
boride into an slloy containing chromium leads to a sig-
nificant chsnge in the distrivution of the chromium
between the phases. The ocncentration of chromium in the
501id solution rises while its content in the carbide phace
becomes very low. The majority of the boron (74%) is
transformed into the carbide phase although its content
in the cobalt phsse remaine high (7.6%).

These datashow that the action of the alloying com-
ponents differs considerably and this has an influence on
the properties of the alloys (Fig 3, 4).

ey A
@ Codepramve Aesupynaens vemnimenme, amB

Fig 3. Effect of the oontent of an alloying com-

ponent (to the binding metal) on the bending

ultimate strength snd the hardness of WC-Co alloys

at a temperature of 2090

1l « molybdenum (13% Co), 2 = chromium (18% Co),

3 - aluminum (13% Co), 4 - chromium boride (158 Co),

8 « copper (6% Co) :
bending ultimate strength, kg/mm?

g&tw the alloying compsnsit, atomic £

';,'.




At room vemper-ture all the alloying couwponents
20 ied, with the exeception cf covper, lowered the bending
ult imete strength of the Wl-Ce alleoys. The greatest lcver-
ing of the atrength is noted vhen alloying with caromium
Weride, somewnrt les~ with aluminur, still less vith
chromium, »nd the lenat with meclybdenum. ~he cenceniration
of vhe alloving comnonents in the sclid sclution of the
cobalt base decressea in the snme crder (Table 2).

w9
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Filg 4. Effect of centunt of alloying component

(to hinding metal) cu the bending ultim-te strength
and hardness of the WC-Co alloys at elevated lene
peraturcss

1 « molybdenurn (RO0C), = - shromium (800°)
3 - aluminum (8000), 4 « cogper (6009)

) Yending, ultimaie, kg/mm

hardneas, kg/mmé

c) alloying ccwmponent content, satouie ¥

The intrcduction of smell nuantities of coppex { te

17} lesds to an increase in the strength of the alloys
wrile » further incresse in conper content is aceompanied
by = decresne in the gtrength of the WC~Cc alloys. Alloy-
'ing vith ehuremium beride, aluminum, chremium and nolyhrdenun
inecreaszes the goncentration of the alleying components

(W, Cr, A2, Mo) in the cobaltebese solié sclution, decresses
the plasticity, and leads to a redurtion in the strength

f the 21loys. The greater the ccncentretion, the larger
‘the reduction in strength. The comrositionol the bhinding
‘thase hnas little effect on the hordness of the alloys
~=ince the hardnesac varies n=arly linerrly with the change
in the c¢cbalt c¢centent vhile the velumetric content of the
bind ng phase in the slloys studied did not exceed 20%.
The maximum increase in herdness wes observed when slloying

03]




with onromivm boride, less in the case of wmolylbdenwn, and
lesgi vhen alioying with chromium. Alloying with aluminum
12 an exeeption, nd this {s probnbly releted it the iee
duction ef the herdness ¢f the carbide phase,

At slevated temperatures (6000, 800°), al

& an
nante
iy Jooe

1
b
increace in ths strength of the rlloys (Fig 4) =in
trege cnaes the lowering c¢f the plesticity of ihe
11 shease Yeeomes » fevorable Tacter. However, th
fmm on the etrengiheecontent=of-alleying-component
earve is different for each of the alloving additives.

"he tivher the gontent of the slloving additive in the
taitebrse soltd solution (wabia 3}, the Jower the ocone
tien of 1he alloying comvensnt in the alloy ero vhick
pe dmom strengih is obeerved. Thie corresponds to
Luat content ¢ the alloyving additive for whieh furthsy

snrensihenine of the cohedt by alloying

“ G
S

~
o
@& 3

ko 4

ey 50 roduces its
wlastiicity that sven &t the test tewpersture of 2GO°
the ol

D

lev sirength Iz reduced.,
“ha inersase in the haorcnese of the alloys &t Lhe
erature {vith alloving) s fry loreoe the
srature (Ilz 4). The ineresse in hardness when
troderan & 2n 2dditive jg censidersdbly mere than
. chroemiuw, ~nd thisg is prebadbly deteruined
. Tareer stemice coneentraticn of ihe molyblenunm In
wrrhide phase,
vy effect of the sdditions on the properiies of the

sllove du determined not only by the concentraticn of tho
5n11i¢ sointion tut alse to a zonsiderable extent is dee
neodentd on the natvre of the sdditive compenent. It is

SR 1 f

2y of

e

i

{Sel 14} thet W, e, 2r, and Al lesd to s gborp

sening of the N1 and Co alleye at room tasmnarntyres

oot Soprer 1 net u
{tive component o strangthen the nickel and

03

Tabla 3 presenta the Azta cn the efTect on the nroe
certica of 1he Wewle alloys of ~dditions of copver,
e he gseen fronm the table, the iatroduction of 20,
to the binding phage redunes the atrorgth and horénees cf
Lieng 2LYeys.

Vith e copver content ug t¢ le2 atemis x
le hicity of the cementing phess inereasca asm a rasy
LY taance of dlsgolved tunssten carkhide snd this lesds
Lo £ increaze In strength,
4t 60009 the incrsese in strength is slready vrec-
Licelly neonexietent while the strenglhening action ¢f the
iner =dditive ccmpencnts (Me, Cr, Al) is rost aprreciatle
ot elevated temperaturaes,

- 9 -




Table 3

Bffect of copper (2C % by weight tc cobalt)on the
properties of the WC-Co alloy

Tuppr H2/Atmed
Commanes, | oS v ! H, et
® | @ | * i
——— { [
20 8 s | 47 874
- 8 w8 |47 1103
20 15 152 | 142 8456
- 15 ! oan 928
20 KH] 147 1 {08 538
- 30 85 | a2 578

B) cocpper content, weight &
- cohalt content, weight 37
ultimate ben:ing sirength, kg/mm?
H, kg/mme ’

The proverties of the pcwder metesl herd 2lloys Wi-Co
may bve sutstantially imprcved by the selecticn of sdditive
componenta, the checice of which t¢ a considerable externt
mist he determined by the rattern of their interesetion with
the cementing and carbide pheoges.

“he carbide base mnowder metel hord alloys censist
of herd, but brittle carbide grains and pisztic constituents
(WC, Co, ¥i). The cmrhides sre choracterized hy high
atrength and hrrdness =zt elevated temyerstures while iren,
coralt, z2nd nieckel zre outstanding for their relstively
glight weakening at high temperatures. 'The cementing m.tals
are introduced in the minimum quantities zufficient to
attain the necessary toughness of the alloys.,

It i3 clear frem the desta obtrined in this investigae
tien thet in thoese alloys in which there is 2 continucus
Tcnd betwesn the carbide particles, zn increase of the
cotalt content reduces the hrrdness cf the ~lloys nd does
not lezd to a significant imprcvement :n their strenzth
{alloys WC-Co and TiCeWeeCo with TiC centent up to 20-30%),
In the gystems in which there is net a strong cont inucus
bond between the grains of the carbide phase, the introduc~
tien of a cementing mretal in the same veolumetric yrozcrtions
ag usaed in the previcus c=se lerds to 2 considerakls increnss
in strength (slloys C-Co and TiC and C-Co with TiC content
up to 20-305).

“he structure of the 2lloyc, the existence or zlsence
of continuous tronds het:''eaan the cerbiije particles, is
rrirsrily deterrined by the c2rn:bllity of the cementing

= 10 »
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netal to weat the carbide. In order to alloy thie carvids
vhase it is necesssry tc heve components whicn, viile
incressing the hardness :nd the tharmal resistance ¢f the
carhide basse, can also improve the wetting of the carbide
by the hinding metal. The optimum case ie a syater ia
vhioch comnlete wetting of the carbide by the cementing
metal i3 mahieved, i.e. there is not continucua hond vatween
the grains of the csrbvide base, Iu such 2 system further
imprcvement cf the properties ias pcssible by changing the
comrosition end prov-rtias of tne cementing phase,

The experiments conducted indieated that when alloy-
ing the cementing phase the alloying componenta can ba
divided into twe groups: the firet group consiste of
thoae alements whioh cn introduciicn reduvce the solutility
¢f the tungsten cartide in the cobelt (in our cass theae
vere ccpper and aluminum), =nd the seecend group consiasts
of those elemente which incresse the thermal rasistance
of the coement »nd of the allioy o8 & whole [in cur csse
Mo, Cr, Al) 83 a result of tha incresszed econcentration of
thae allinying comronents. The elements of the riret group
should he sdded in very swmell cuantities, just surficlent
to prevant the sclution of the c¢arbide in the Tinding
metal, Tn this case there is an incrszsae in the plastiecity
of <he sementing metal and an increass in the strength of
the alloy 8o a whole. Increaeing the cusntity of the alloys
ing comvonent and conssquently inereasing ita conceutrsiion
in the gclid solution reduced the properties of the alloy.
“he cptimum content of the alloyving componenta of the
gecond group is determined by thelir distributicn tetween
the cementing and the csrblde phesas, by their sirengthn-
aning 2ction on the cementing metal, and alse by the
opsrating temperatures of the given materiesl, The aome.
»o8ition of the cementing phase sgheuld be such that there
is 4 minimun reduction ¢f strength and pleasticity of the
alloys at room tempersture while the maximum wvossible in-
creage in etrength at operating tarperature ie attrined,

CORCLUSIOUS

J+ The relgticn vetwesaen the composition of the
carbide phase and the miructure and the propertiaes o the
alloys of the system WC~TiC=-Co iz shown.

2. The dependence of the properties of the alloys
%(mCo and WC-TiC=Co {two e#nd three-phase) on the cobalt
centent is presented,

3. Data vere cbtained on the distrihuticn of the
additive ocmponents (Cu, Mo, Cr, Al, CrB) between the
cementing and oarbide phases in the WC~Co alloye.
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ON THE STRUCTURE Ot ALLOYS OF TITANIUM CARBIDE WITH NICKEL,
CHROMIUM, AND MOLYBDENUM

|Following is the translation of an article by V. N.

Yeremenko, Z. I. Tolmacheva, and T, Ya. Velilkhanova

in the Russian-language bock Issledovaniva po

Zharoproch Splavam (Research on Refractory Alloys)

Vol 8, USSR Academy of Sciencos Press, Moscow, 1962, pp 95-102, ]

In the development of the hard and atrasion-resistant
2lloys and the refractory materials with a titanium carhide
base snd using metallic binders such &3 nickel, chromiun,
and melybdenum it is important to have accurate dats on
the interactions of titanium carbide with these metals and
on the atructure of the 2lloys of titenium carbide wiilh
nickel, chromium, 2nd molybdenum. The informetion avalilable
in the literature or this subject is baased on the experi-
mental data of veriocus investigntors and i3 nelther con-
sistent nor reliable. In th- majority of the publicaticns
it is indicated that the intersction of titanium cartide
witt these metals results in the formaticn c¢f either ihe
carbides of these metals (Refs 1, 2) or the release of
free carton (Ref 2). These conclusions contradict the
conclusions whaich may be drawn concerning tune progress of
the renctions in the systems TiC-ile (Me atanding for nickel,
chromium, or molybdenum) on thz basis of the thermodynemic
gtebility of the earbides of the metals of these elements.

The bonding of the cementing metnl into the brittile
narbides should significantly slter the properties of the
materisls consisting of a titanium carbide hase and e
metallic tinder. First o7 all, this shceuld leed to an
increase of the alresdy uigh brittleness of the titanium
carbide vese slloys. The release of free grarhite in the
alloys 13 nlso undesiratle since this results in s lowering
of the mechsnical strength,

The present work on the triangulation of the systems
TiCeNi, Ti=C-Cr, snd Ti-C-Mo was undertaken in order to
clerify the 'actual phase ccmposition of the alloys of
titanium carbide with nickel, chromium, and mclybdenum.

YHE T ITANIUM~CARBON-NICKEL SY3TEM

4 summery of the available dats cn the Ti-C and Ti-Ni
systems is given in Ref 4, that on the Ni-.C system in
Pef 5 and the interaction of titanium carbide with nickel
is discussed in Refs 6, 7, 18.

- 13-



N
i Z N
/ / \\

V;{_‘/{\ '\\
i M
o ‘jr-.._ Ty \myg
—e nli_,huw.‘.; PO rouic- Y

BT

s mme SO
[
=
=

um L-L — :
how ) 2 7 90 T TR AR
b % & %
¥ig 1. FPhase fields in Fig 2, Composition c¢f
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There are wvaried idees cn the struecture of the alloyas
of titanium carbide with nickel. According to the dienran
published by Steinitz (Ref ¢) with references to Stev's |
work and recording to the lmter publicetion of Ref 3 (Pig 1),
there is an extensive three~riase field in the TiC-Ni
section of ithe ternary sysiem Ti-0-Ni, fcrmed by titonium
carbide, graphits, and & nickel-base solid soclution. On
thie baais the conclusion wea drawn that the TiC-¥i sestion
ia not quesibinary. On the cther hand, investigations re-
rortad in Refs 10 and & gave a basis for conecluding that
the TiC-Xi section is quasibinary and hes & phase diapgram
of = simple eutectic type similar to the situation sxisting
in the TiC-Co {(Refs 12, 1%) and TiC-Fe (Ref 14) aystems.

Since in the system Ti-Ni there are three compounds,
-~TioWi, Ti¥Wi, and TiNig~=,the nickel carbide NizC is not
steble at temperztures below 2000° (Ref 5), and the free
energy of formetion from the elements is peositive up to
3500° (Ref 11), in crder to arrive at 2 final conclusion
concerning the character of the smecticn TiC-Ni of the
t2rnsry system Ti-C-Ni an inveatigaticn was made of the
atructure of alloys vhose comicuition lies =t the points
of intersection ¢of the TiC-¥1 secticns with the secticns
7igNi-C, TiNi-C, and TiNi3-C (Fig 2).

Alloys with these compcszitions wers melted in =n
arc furnace using a water-cocled contairer in a nitrogen
atmosphere from a ligeture of comrositon TisNi, TiNi =nd
TiNiz and graphite of high purity.

After anneeling of the alloyvs at 1280°, metnl-
lographic enalysis determined thet 21l the alloys vere
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two-phaga. One of the thases hed a misrchardness of about
2000 kg/en<,

Tiring the metallographic 2nalysis of the btillets
c¢f melted titanium carbide obtained from titanium and
cerbon, thers were cleariy apparent graphite exclasions
which ~ere primerily located in the upper perticen of the
villet, Thus, during the process of melting the uncombined
graphite is strengly liguated. Since the free ensrgy of
rowmation of titanium ecarbide is quite high «- a®t 2000¢
5 it is 49 keal/mol and continues to increasse as the
temperature 1a lowered, (Ref 11) ~= while the free ensrgy
of formiion of the sclid sclution of titanium carblde in
ristel is much lower, the decomposition of titanium carbide
by nickel would be accompanied by a large increase in the
vree energy of the system. Therefore such & process cannot
cceur spontanecusly.

Teble 1

The content ol fyree and cembined carben in titenium
carbide prepared by arc mclting

r 'y s Heo v
:‘::’ P::«pu ! C Orig* b "%V % "i: nno,!:“ (‘cdm* * ﬂ‘onoﬂv %
. S - . ,M....._.i.._“¢ & & -
' 2002 | o8 4 3 203 14
2 198 | U8 6 04 105
3 | 200 06 7 19,9 | 0.8
4 19,9 wro |

melt mumber ,
total carbon &
free carben, 7

We also determined the solubility of nickel in
t{tanium carvide. Alloys containing up to 305 by weight
of l'i were prepared by nhot rressing since it wss not possible
to cbtain billets which were homogenous throughout the
section by melting in the case of those alleys containing
lesz tusn 107 Ni. The hot pressing was performed at temp-
ayztures cof 2000-2200¢ for those samples which had a nickel
content up to 5% while temperatures of 1900-19500 were used
when the nickel content vas 10-20%. The alloy containing
30% Ni was pressed at 18500,

The solubility was determined by the quench method
with metallogrephic analysis of the ground end after
snnealing under 7Tarious conditions end with veried duration
of snnealing at 1700, 1650, 1280, 1200, and 1000°, It was
found thet the alloys contsining up to 0.6-0,7% Ni are
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he metallograrnic analysiy
Xwrsy analvees ucing the metnod of
¢f Lhe test =2eatirn. The Fe-rey wiciurea
corelt rediation with the 420 line § w6
determine precisely the peaition ¢ tha zolidus 1line in
the 2lloys rich in titenium carbide, differontisl tharmal
analveis was condunected on samplss ~f the mlloya contaivang
10207 niekel zftzr sxtended hemog »-izing snnesling at
125800, Yt was found that the irnitistion of melting in
21l of the samples occurred at L2R0.1800%, The data ob-
tsined and the esrlier rublished infcermeticn (Mefa 3, 7)
rermitted the construction ¢f the ~hase diagram for ithe
svatem TiC-N{ preszented in Fig 3.
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Fig 3. TPhs-e dirgram of tha system TiC«l{
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THE T ITANIUM» CARBOR-C

A summary of dsta on the structure of the alloys of
the system Ci-Cr iz presented in Rzf 4 end that for the
gvatem C=Cr in Refl B

There is very little date on the intersciion of
titanium esrbide with chromium, Ref 1 ipndjcates that in the
allovs of titanivm ¢arblde with ohiromium there is o third
phese vhich was ideontified by Heray snelvsis a2 chyomium
carbide CrnCx. Eingel {(Ref 15) als: observed the interaction
of chrcmium with titenium csrbide iuring the melting of
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chromium in containers wade of sintered titanium carbide.
The melten chromium scarcely penetrsted between the gruins
of the titanium carbide =snd £t the points of contsct the
formtion of a new phase was ctserved. 3
During melting of chromium conteining srall (0.5%
Ty weight) additions of technicsl carbide ve rlsc observed
the formstion of a new prhase which waas identifield by X-ray
enalysia as the loweat cubic carbide of chromium, CrozCs.
Iheae chservations are not in gccd agreement with
the thermodynamic characteristics of the carbvides., The
free energy of fermation of titanium carbide z2s noted
previously is 49 kcal/mol at 2000° K. At this same
termparature the frae cnergy of formetion of CroxCe per
grame-atom of carben is 16,2 keal/mol (Ref 11). The
sorresponding magnituces for TiC and Cralz.st 1500C X
are 52,1 and 12,2 keal/mol (Ref 16). To clarify how the
system Ti.C-Cr is triangulsted we prepzred and studied
the alloys whose ocmpositim is noted by the reints 1,2
on Filg 4.
¢

tnt
» w9 i

W % 200 & & &
bee %
Fig 4. Compositien of the alloys studied

These alloys were melted in an are furnsece from
titanium ~nd the chremium carbides CrzC2 and CreCx, from
titanium carvice and metalilic chromium. 1In the preparsticn
¢f the alloys ve used CroCz with 8.97 by weight of combined
carben (theoreticsl comened carben teing 9.06%) and
CrzCz with 13.,4% by weight total carbon and 0.1€% ty weight

res carbon {theoretical combined czarbon teing 13.33%).
The titanium carbinde contained 19.27 by eight of totel
carben and 0.47 by weight of free carbon (theoretical cciie
bined car*on teing 20.0%). The chromium contained (.1
weight 7 of C. Semples wer~ slso prepsred of alloys with
20 weight ¢ of Cr from TiC and Cr cof the noted compesition
as well as from titsnium cartide with 19,7 weight % of
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cembined cerben and 0,05 weight 7 of free corbon.
'etalleograrhie analysis of the sam-les ot the alloys
wvhieh hz2d Yeen ennesled rt 1200° indicated tnat the alloys
presar~d frem ovr milum cerbide and metallic titenium
/[3e= Ncte/ and tre 2lloys 'ith 20 weight & of Cr which
ere nielted frem titenium carbide having 0,05 veight & of
free cerbten snd 19.7 weight ¢ of totel carbien were tuo- "
rhese, The micrebsrdness of tre rhrses (300 and 3000 kg/em™)
corrasncnds to the hrriness of the chremium tase znd
titanium carride bhase rhases,
Tote. Tuese sllcys herd the folloving cempositicons:
Alloy 1: 52,857 Cr; 36.,9" Tis 9.1% C (9.3 C theoret)
Alloy 23 63,00 Cri 20,5% Tis 6445 C (5.4 C theorst)
C trecret is the quenitity of carbon vhich écrres-
nends to the stoiechiometric compcsition of titanium
carbide brsed cn the quantity of titvanium feund in
the alley Wy ﬁnelyaiq;7
The allcys Adencted bty peints 1 2nd 2 cn Fig 4 znd the
21lleys cenutaining 20 weight ¥ Or wrepared Trom titsanium
crrbide w~ving 0.4 weight 7 of free carbon :nd 19.2 weight
S oof tct2l cerben vere found Yc be three-phase, The micro-
herdness of “‘he phases in these alloys were 300, 1000, and
3000 kg/cmﬁ, which coirresronds te the hsardness of the
ehromium, chremium cerbide, and titanium cerbide bases,
Such 2 difference in the structure of alloys rrepsred from
titenium cerride with differing amounts of e¢rmbired carbon
is explnined b the presence of admixtures of oxygen and
nitrcgen. 'te know (Tefs 4, 17) that the presence of 2d-
mixiures of oxygen and nitrogen make it impossible to cdb-
tain titanium certride of stoichiometyric composition. 7The
fermation of chremium carbides, zs observed in Refs 1, 15
as wall as in tris present work, in the alleys prepsred from
titenium cs2rhide of nonestoichicmotrie compositicn is ccused
by te vresence of the impurities, For exomple, in itne
prepsrrtion ¢f -n alloy with 207 Cr from TiC having 19.2
weight 7 of tctal cerbon and 0.4 weight % of free carbon
0.32 weight 5 of free carbon is intrcduced intc the cherge
it the titenium csrbide. This amount is sufficient tc
rind 2bout 3 weight 7 of Cr in the carbide CrsC3 and about
& weight 7 of Cr in the cerbide Cr:3Cg. The maximum
energies cf the reecctions cf the interaction of tne titanium
with the chromium carbides are characteriszed by the followe
ing magnitudes.

At 2080 K3 o 2
Uer Gt e P2 S0y A - AF 0 kxaa,
1. N
Fio i gt = Tt 2 A4 -AF 459 xxaas,
P S
Ti-; if.r,l;,-- Fie! . -5 Ce 7 A. —~AF ALY xnaa




AL 20009 X

]
4 ‘ o k] i N -y v A) . -
T ‘.;;(.s-u( e 1€ W (8 A~ AF 8T kwax,

At 15009 Ki

. . .
Tiop 500y e TiC 0 = O AL - AF 40,7 raga.

There {hermodynamie dota incicate 'hz~‘t the equilie
grinmm ¢f the yesslions st temperstures from 296 to 2, 009
tg shifted ehmrply teowsrds the Tormetion of titaniw
erebide, mad censedquently the uysbem TiC=Cr is not
v;rﬁ cend wvith the syatems Ti-CroaCe, Ti-CryC3, 2nd

wQpalo . Thug, en the basie of this dets we may conclude

tha the acobion TileCvy of the ternary system Ti-C.Cr i
puzsibinary.

THE T b AR I CARBON-MOLY IDENGM 3Y5TaM

-,

ey of the dets on the system TisMo is _pres
4, Hml deta for the system Mo« in fefl 18,

nrexents z Little information cu the ternzry
iw the arsn of the btrlangle Eoéu-TiV Mel.
2z e rvcﬁntvy "Lving the rasults of the idvese
'Wé atrusture of ihe alloys of ths ternary
WMo oad 17100, The sutheore did not wet cub to
trend of the progress of the resclticns in the
the .mpirzwnd datsz wig not aritieslly asvalusted,
P Sien of $he phase fielda in the iscthermal
areaentsd in thaet work require roevisio
@ twa gomnounds of the Mol ayslew whiclh arc
wedl o knowne Ueel and Mo, the monecarbide is stable only at
Wi $Pwp”rhﬁu ecay ab low teomperalures it sevparates into
; cerTon. Moz is frymed by e veritectic vee

nﬂh.u“, At & tenversiure of 2980 ¥ the energy of fermation
T oiu ovegeiive (Ref 11) with 2 magnitude of 2.8 %eal/mol,

F;a £ Lhe woriction wilth tempesr-ture of the logarithuw
. 1 the 3nfivﬁ* oI the carbon in tl.aninm carbide and in

mo Lybdenim w.rbi,a, Mo2C (Ref 11), Tre relative stability

of theae cnrbides ig Aetermined “y the difference

f" i

,‘t‘.‘”,j

SF per oy Ly (Mol = KT by — Wy egtaged

f As 2 nee Fpom Tig &, thia difforence is essentially
; wrotive nwer the entive tenpersiurs range right up to
I the malting Leopersture of molyvdenum carbide, i.e, TiC

et nl) temper=tures is far wore stable then iopg¢, althgugh
with = rise in tempersture the values of AFTic and 4 MMopC
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Fig 5. Isothermal section Fig €. Carbon activity

of terna?y sysgam Ti=C=Mo in TiC and MogC vs temp.
Ref 2

® atomic %

This indicated thet in the system Tie(CeMo the equi-
1ibrium of the reaction

Mo,C 4 Tt = Ti(l + 2Mo,

and consequently alsc the reactions

MoC + Ti-»TiC + Mo, |
2MoC + Ti = TiC 4 Mo,C

is sharply anifted toward the formation of TiC or molid
solutions in a TiC base., From this we must conclude that
the section Mo«TiC of the ternary system Ti-CeMo nust he
quesivinary.

In order to experimentally prove the waslidity of
this conclusion we prepered alloys lying on the interssction
of the seoction Mo-T1C with the sections MoaTi and Mol-Ti.
In the preparaticn of the alloys, we used molyblenum,
titanium, grsphite, titenium carbide and MogC (total carbon
of 6% and free carbon of 0,15%). The charge for each alloy
vas formed by two means: from molybdenum and titanium
carbide, and from titanium and molybdemum carbide. The
alloys vere mada Wy sintering the samples im a vacuum of
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10"4 mmm Hg at a temperrture of 1850° using high-frequency
kesting for & hours, follcwed by metsllographic ond X-ray
annlvsie,

The metallograrhic analyeie showed that 211 the
ailoys, regrrdless of vhich initisl meterials ere used
in tne charre, consist of tyo rhases with miecrok-rdness
of atout 300 snd 2400 kg/mm~, During Xeray enelysis, in
all ¢f ths savmnles only two rheses were found: cone =
titanium crrtide hage pnd the cther & molvbdenum rsse, as
illustrrted in 7ig 7. The alloys rrepnred by sre melting
from titanium carhide of » astoichiometrie compesition and
molybdenum of high purity were n~lso two-vhase for gll
retios of the constituents and contained only TiC and
melyrdenum phasges., Thus, the experimental data confirm
that the section TiCaMo iz cuasibinary,

Mo l [} ! } l ll
SO B O TR I

et b b

/p.J.JL i ”l A “j J “I
PO || T 'R ||
podw how bW

¥ig 7. Line X-ray disgrasm of alloys of titanium
carbide with mclytdenum prepared by differesnt nsthiods

As a result of the proof thet the seeticn 1'iC-i.0 is
oungirinary, ve must consider thet the ncsiticn of the
vhase fields in the isometric diagram (Fef 2), (Fig B8) ie
incorrect, asince, in accerdence with tris diagram a con-
giderable three-phase field arnmears in the section TiC.i!
with TiC, }o2C, 2nd Yo-bsass vhases. "“he existence of an
exteraive sres of sclid sclutions cf meolybdenun in titanjium
e~rbide which was presented in Ref 2, and vhich hzs been
ernfirmed by our investigations, dces not contradict but
rather confirms the cuesibinary preperty of the csection
llo=TiC, since

A.Fl'!'u.‘. o < Ab.ﬂk:) -+ AFQ“»‘




hut anince
AF("O) ;’ O:

then
AF e, Moy < AFric),

that ia ’

AF"I‘t(". Mo = AF(IML‘; - AF('r.c) - AF(IID.C)v

CONCTLUS YOS

Yo Tha section Titalll of the ternary sveten Yial-id
is guaalhinery.
o The salubility of niekel in titanium cartide
rarperaiure range 1000.1200° i 0.7 welshi # of

orar the
:f"w]. P
3. Poigle on the maclidus in alloys of titanium with
10«20% Vi were datermined, =nd a fuate Jlogren of the
aquasibinery svotem TIiC-IT1 was drawn.
4, The wections VileCr end TiC«Xe are quasitinaty.
5. The phese flelds in the gyatem Ti-Cado =2 found
in tne work of Alhert and Forton (Ref 2} ere incorrecw.
Mers accurszie experimental investigations are required
in erier to establish the boundnries of the phase fields
of the syatem TieCale,
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AN INVESTIGATTON OF THE PRINCIPLES IN VIBRATION PR!SSING or
POWDE« METAL MATERIALS

(Follewipg &s the translation of an article by X, S.
Gorbunev, I G. Shatalova, V. I. Likhtman, ané P, A.

' Rebinder in the Russian-language book Ipgledsy ﬁn Rﬂ
Zharep veg (Remearch or fufraetory Alloys),
Vol 5, USSR Asademy of 3eiences Proas, Moscow, 194Z,

tp 163=il0,

In the Soviet Union at the present time a new
branct of induatry -« powdar metallurgy -« is growing at
a rarid rate, The methods of powder metallurgy src used
in the preduction of many machine parts, frietion and
anti-friction materiels, copper-grephite coupounds,
mognetic materials, and products of the refractory and
particularly of uthe hard materials. This method consistis
basically of the following technological steps:

1) preparation of ihe powders, 2) pressing of the byri-
quettes, 3) sintering of the briquettea.

When 1t is necessary to produce compacted rroducis
from powders a nigh and unitform density of the briguettes
throughout thelr volume is regquired., The existing methods
¢f forming, such as etatie, hydrostetic, plasticized
billets, jet extrusion, rolling, hot pressing, and othars,
asnnot satisfy all the requirements imposed on the pressed
billets or the final prcduct. The fundamental tsok in the
preasing of metaliic powders is the attairment of 2
dafinite density and strength of the semi-proceseed raterial
whioh will permit further technological operatisns and wiil
ansure the required opsrational qualities of the precduct,

When using rowlsrs of thoe soft and plastic metals
it 18 easy to control the porosity and strengih during the
presaing proocess by plastiec deformation of the powder
particles, In thim case neither the granulometric come
pesition of the powder nor the condition or relief of ithe
surfaces of the particles will play a decisive role in
establishing the mechanicsl proprrties of ihe semi-processad
material. PBut the situation iz quite different fur the
rewders of the hard and brittle alloys. The particles cf
these powdars do not have the capahility of plastie deform-
ation and consequently the density of the coxpact ie de-
termined only by the mould filling conditions and are only
very slightly dependent on the pressing preasurs, as lorng
as 1t does not lead to fracture of the particles.

“hen the voiuvme of the mould 1s uniformly fillied the
dengity of the compact is eritically dependent c¢n the gZrane
ulometric atete and rezchez a maximum for smemi.dlspzrsad
powders whan the smsller particlee ars distributed in the
spaces between the larger particles. However, the optimum
diotrihution of tho partioles in the volume of the mould
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eannot be oktained by uimplo statio ovmpreesion and the
poresity ¢f such compacts is always far from the optimum
which corresponds to the correct moat densa) arrangement
‘of the particles, The construction industry has long used
wo!ern methods for the compaoting of materials with the

‘ail of the low-frequency vibrating effect. Ihis method is
very effsoiive end provides s maximum density of arrsnges
‘ment which is close to the theoreticsl wslus calculated
from the granulometrio ocomposition of the powder. The
neshanism of the favorable effect of low-frequency vibrae
"tions on the ccmpacting process lies in the fact that the
vibration deatroys the initial point contacts which occcur

anl thue leads to a more dense arrangement of the particles

“of the powder., These plienomena which accompany the pro-
cess of vibration companting must be present even at very
low pressing pressures znd ‘consequently will not te
ascompanied with fracture of the particles., Tris is
especially 1mportant for the powdero of the hard and brittle
materials.

As we mentioned, there are tachniquea for the come
pacting of materials by use of vibrating equipment
“(Refs 1, 4). Vibration is used for compect laying nf cons
-erste solutions with various fillers (Refs £, 3) and for tha
compacting of subgrade and surfaces o highways, stc. 3ased
01 this experience we might expect that metalllc and none
n2tailic powders could also be 3ucoesufu11y formed using
vibration teohniques (Ref 4).

This paper ccvers the 1nveatigation of thes procees
0? the vibration oompaction of several materisls in powder
formn. The vibration sourcs used was a meohenical vivrastor
e’ the I-116 type hawing a frequeney of 14,000 cycles/min ,
il kinetic moment of 0,085 kgeom. The vidrator was mounted
on aprings and developed emplitndes as high as 30 microns.
The meximum umplitudo developed by this type of vidrator
wvhen mounted on uncompressed springs is 10 microns. As
the srring compression {s incrasased the vibration amplitude
inoreases to 30-40 microns and then drops sherply to 10.1i5
micrcns with a subsequent wore gradual reduction. Vhen
pre ssing rowders of various meterials the magnitude of the
ohiznge in the vibrotion amplitude as = funotion of the come
txmsaion of the spring (and consequently of the pressure on

Ne ccmpact) ie variadle but the pattern of the change wes.
the seme for all of the materisls studled.

In order to determine which materials are test suired
to the vitration compaotion method, 18 Aifferent rowders
‘wore used; four metals, two ocarbides, six mixtures of a
curbide with a metel, cne nitride and two borides. A come
p&ricon wes -ndo of nta&io and vidtration uothoao ef compac-
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%ton and the rcsults are presented in Teble 1,

A compsrisen of the magnitude of the relative dernaity
of the comprets produced using thiz method with thae elastic
modulus of the powder materisl indicated that the plasntic
materjals with a low elastic modulus were compacted mere.
poorly by the vitration metlud than hy the usual stutic
mathed., Fcr materials having an elastie mcdulus from
25,000 te 50,000 kg /me the vitraticn methed <f coempacting
using a enecich pressure of up tc 20 kg/om® produced the
same density as did thg static method using a aspecific
pr<ssure ¢f 1200 Materials with elesstic moduli
above 50,000 kg/mm~ were compacted better by the vibration
methiod *han by the static method. Thus, the applicaticn
of vibration during ccmpsection was most effective with the
nonplastic materials.
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Note.®ys 18 the relative density of the
vibrated sample, Z; ., 18 the velative
denmity of statically compected samples,
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materiax; g/om®,
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Yig 1 presents che variztin: of the denclty of the
compaets of cobalt end chremjum powders as 2 funection of
the pressure on the powder during static and vitraticu

aompretion,

The e balt povies, which ig capable of plactie

deformation under pressure without fracture of the particles,
produces tetter density vhen ueing the statlc methed of

ecempactinn.
7y
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Pigz 1. Density of compacts
of cobalt (1) and chremium
{2) povderz as a function of
prassure and method of press
aing; vprer curve, statie
lower curve, vidration
{moistening agent is a 6%
solution of glygerine in
methancl, 1Q em° per 100 g)
% », kg/op”
d, g/cm

For the less-plastic chromium pewder ihe
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Tig 2. Denaity of compeots
of & mixture o¢f powdern of
tungsten carbide and 2037 o
ar & function of pressure and
method of compasiion; & «
static, 2 - vitration,

3 - hydrestatic (mgistenivg
agent, water, 7 em” pexr W00 g)
la « statie, 22 - virration,
“a « hydrostatic {meistening
egent is a 6% soluticn of
glycerine in wmethanol, 10 cmd
per 100g) o

o) kg/
a, g/c-:g

vivration method previdezs o higher relative density tihen
witt the two cther pewders but it is gtill less effeotive
thar the statie method, particylarly if we consider thai

for yressures above 1200 kxg/cm

&

the density of the curomium

compacts 1s significantly incressed without fracture c¢f the
briquette oftexr removing it from the mould.
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Curves 1=3 of Fig 2 present the variaticn of the
density of the compacts prepared from & powder of a
mixture of tunsten carbide and 207 by weight of Co ns &
functicn of the specific pressure during compection by
three methodss vibration, statie, and hydrostatic. It
was not possible to cbtain ccmpacts of tungsten cartvide
which were "transportable® without the use of & moisiening
agant so that there is nc data on the variation of denaity
ag 2 function of pressura for that method. The most plastie
material is a mixture of powders of tungsten carbide and
20% Yy weight of Co. It was less affected by the vibration
method of compaction than the carbidg ut in order to
obtain s mixture density of 7.3 g/om® using the static
method & presaure of 1200 kg/cm2 wag reguired whiie the
vibration method required only about 15 kg/em<.

This difference becomes especially important when it
is necesssry to press rroducts of complex shape from this
mixture. The use of high pressures leads te¢ cracking of
the compacts in the aress of sharr changes in profile.

The same 1is true of a mixture of tungster carvide and &%
by welight of Co in powder form. TFor a mixture of tungsten
carbide and 3 by welght of ZJo the vibration method permite
the production of higher densities than with the static
methed singce the application of specific pressures shove
3000 kag/em< in the static method leads to frecture of the
compaeta of any shape after removal from the matrix. It

is not possible to obtain & density of 9 g/=m< using any
lower pressures in the static method while this density
way bve achieved using the vibration method at specific
rreasure of 27 kg/em<, Thig effect is even more marked for
Ehe‘pure tungaten carbidg rowder (Fig 3, curves ia, 2a).
The density of 9.45 g/omY obtained by the vibtration methed
at & preasure of 5 kg/cm® gannot be obtained even at
pressures above 1500 kg/em< without vibration.

We investigated the variation of the density of cume
pacts prepared from mixtures of the hard alloys of the
types T30K4 (96%4TiV +4%Co), T1ISKE (44%TiW+ B02WC +6%Co),
and TSK10 (15%TiW + 759WC + 10%Co} as a funetion of the
speciflc prespure during compaction by various methods.

Mixtures conteining a high percentege of cobalt are
less effectively compacted by the vibration methed than
mixtures with smaller cobalt content. The guantity of
titanium carbide exerts the most influence on the modulus
of elagticity in the listed mixtures but the capability
to undergo vibretion compaction is still determired by the
guantity of the most rlastic component =~ namely cotalt.,
Tor all three mixtures the static a2nd hydrostajic methods
using specifio pressures as high ~: 1200 kg/cm“ was not
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abie to produce it dyasity oktsin:d Ly the vidbration
method at a pressure of 12 kg/ow-, other oconditions teing
equal.
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Pig . T=ioc-ity of compacts preparsed fronm
tungsten cgrbide and zirconlum boride asz o
fanction of Lhe pressure and method of
preasings
la « =tstic, 22 -« vibration {(mcietening
agent is water, 3 om® per 100 g)
1= gintic, 2 = vibragion‘(mcistening
agent i w-tor, 10 em® per 100 g)

Py kglom”

2
a, gfom

In view of the rcor pressng charscterigiios of the
boride ard nitrids povwders it was of intereat {o investigate
their pressing ueive the vibration method. CJurves 1 and 2
on Fig 3 present “uhe varistiocn of the density of cempacte
of zirconium e¢arbide az a funotion of the specific pressure
during statie and +ibtraticn compsection and these curves are
typical of thoss of the cther matorials of this group. The
vogiticn of the curves indicate that the vibration method
permitted the reofucticu of the pressure by a facter of 70
to 100 timee. JTn addition, "tranaportable" compacts were
ovtelned frem all ¢f the powders.

The powders vhiech are well compacted by the vibretion
mathod de not reouire 2 lomg pericéd of wvibration to atiain
the maximum density. The variaticn of the density of the
compacts a3 a functivn of time is presented on Fig 4. As
can he seen, & rapiéd hut net large increase in density
during the first 3 aeconds of vidbrztion and a subseguant
slow rise in density to the maximum value is characteristic
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of the plaztic powders. A sharp rise in denaity during the
first 25 seconds (89-90% of the tcial rise) and a sube
gecuent amall rise to the maxirmm value during avout 10
ceconds i¢ typical of the nornyliastic powders. Further
vitration will not lesd te¢ iuacrease in the densityv. The
shape ¢f the density -« time curves az 2 functicn of

the cowpreting pressure show that for all preasures in
order to attain the maximum den:ity of rompacts of a nixe
ture of 94% by welght of WC and 64 by waight c¢f Co the

same virration time is necessary.

The density ¢f the compacts cbtasined by wvidration
compacticn are significantly dependent on the moistening
agent ard the quantity used. If we compere curves 1 and
la, curves 2 and 2e in Fig 2 the follewing will he ncted,
In compaeiion of a mixture VK-20 (80%wC +~T¢%C0) ry the
vibretion methed, replacement of the water by a 6% solution
of glycerine in methangl leads to an increase in depaiily
from 7.37 to 8.27 g/ecm” at a pressure of 1532 kg/cm= in
comparisen to a rise fﬁom 7.34 to 7.85 g/cm® st a
pressure of 1200 kg/em< using the statie methcd. Thus, the
lukricating action cf the glycerine during the vibtration
methed hse much more effect than in the static methed,

By selection of the moisterning sgent it is pcasidble to
slgnificantly improve the pressibility of the powders using
the vibration method of compaction and as = result the
vibration method beccmes even more efficient (Ref 5).

For 211 of the powders atudied an increase in the
density of the compucts wes noted for an increase in the
guantity of the moistening liquid (Fig 5) up to a certain
meximum whieh is well defined for ezch powder, With an
increase in the compacting pressurc tis maximum shifts in
the lirection of a2 lower moisture content. If the denzity
of the compact is less than 507 of the original powder
the definite relationship of the density and meisture cone
tent iz not chkaerved.

The measurements made of the awplitude of wvidraticn
at varylng specific pressure of cocmpaction for the different
powdere led tc the discovery of a relestionship between tue
specific pressurs on the powders, the amplitude of vibtrae.
tion, and the density of the ccmpact. Assuming thatl the
density veries in direct prorerticn to the frequency of
vivration, the speeific pressure, and the smpiitucde
{within the limite of pressure and amplitude used in vi-
breticn cempacting) we can find a compaction fzetor which
%0 & certsin degree characterizes the intvensity cf the
affeet of the vibrator on the prowders. The results of
such a mathematical analysis of the data for five different
materisls i3 presented in Tadle 2. The widrecompaction
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Fig 4. Tensity of ccmpacts Pig 5. Density of compacts
a8 a function of compacting of a2 mixture of tungsten

time for powders of (a) carbide and 20% Co powders
tungsten cardide, (b “as a function of the moisture
zirconium boride, (o content of the pcwders for
titanium vivration pressings
4, g/omd 1 « 6% solution of glycerine
time, ee0 in methanol
2 - wvater
a, g/om®
moisture content, % by
weight

factor @ is celeulated as the preduct of the number of
oscillations of the widbrator per minute, n, the specific
pressure A, in kg/cm®, and the amplitude of the oscil-
lation of ﬁxe lower end of the plunger, A, in cm, as found
from the magnitude of the acceleration measured by an
instrument of the PIU.l type.

From the data of Table 2 it is clear that the
variation of the magnitude of @ is in good agreement with
the variation in density as a function of specific
pressure in vibration compaction. For any one of the
coupacts we can resd She indication of the accelerometer
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“ae a funation of the specific pressure on the powder and we
san find the optimvm pressure for vidbratien compaetion of
the given powder.

The pomaibilities of the ume of the vibraticn
technique in the rreparstion of parts from the metalleseramic
materials and refrsctory metals are of great interest.
Tadbla 3 present the variation im density of compacts made
from a powder of the mixture VE-20 (8CSWC+ 20%Co) as =
funetion of the mechunicel properties of the vibrator.

The datna of Ta®ble 3 show that 23 the kinetle moment
increasosx from 0.065 te Q.35 kgeom the density of the
ccmpzet inerengss, However, the most powerful of the
availablie vibratorz is insdecuate tou comprot vs mush =a
60.70% of a part which is_50-100 mm tall and has g cross-
gecticnal aree of 5«10 em<., Thias meane that st the pregent
time and using available equipment for vibrating coaprmoting
we have the capability cf pressing by {his gev method parie
with neights to 20 mm and areas up to 10 em®. Existing
vibrastors for the compastion of concrete agpregates heve a
kinetic moment of 2020 kgecu dut their frequensy is less
than 6000 cyecles per min and the amplitude iz tos grest
for powders with particles of 10 wiercons and smmller.
Experience in the compaction of concrete sggregates hax
also shown that for aggregates with small particles the
optimal frequenay is 6,000 to 30,000 cyales per min and
has indicated the harmful effeats of large amplitudes.

ux investigations have shown that more powerful
ribrators having nigher frequenclea (10,000 tc 2¢,000
eycles par min) and speecially designed vibration presses
are réquired for the wide application of wibrelion compace

. tion to the metalloseramic and refractory powders,
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) CERTAIN PROBLEMS IN THE THEORY OF THE THERMAL SHOCK RESISTANCE
OF POWDER METAL MATERIALS

LFoliowing is the translation of en artiele Ly M. Yu.,
Belishin, and V. I. Likhtman in the Russian-language
beok Issledovan avan {Research

The improved thermal zhock resistance of rowder
metal materinlg in ccmparison with csst materiels of ihe
same composition has been noted in numerous works
(nefe 1, 2, 3). Thiz paper is devoted to a more detailed
investization of ‘he nature of the tihermal shock resistance
of the powder metzl materials and the factors hesring on
the magnitude of this cuantity.

First, it gheuld be ncted that the thermal shcck
resistance i3 a property of the end products and net of
the meterisls themselves. It is difficult to find eny
otuer yroperty as critical in structural design as therual
shock reosistance. Thermal shock resistonce is defined as
the sbility of =» material (more precisely the products
mrde from this material) to withstand cracking during
several cveled of temperature ch nge. Under identical
conditions of thermal cycling, a large psrt will be
subjected tc more significant temperature differencesa
in various sectiones than will a small part. PFor this
reason the tensions caused by the tempernture differences
will alsc be greater in a large part so that under identical
thermal cyeling the large pert will inevitably have more
tendency to ¢racking than z smell part. TFor example, in
one of our saries of experimentes the increase in the
dismeter of = cylindrical sample by 25% (from 12 t¢ 15 mm)
led to a considerable decrease in the thermal shock
resistance of the msterial which contsined CrzCz, TiC, arnd
grﬁph ite,

During the temperature cycles whiich involved rarid
heeting to 1200° and quenching in water, the smzller samples
withstood 17 cycles hefore developing cracks while the
lerge samples withatood 407 fewer cycles. The initiel
electrical resistance of cylinders made from TiC-CrzCas
having & diameter ¢f 12 mn and a height of 18 mm affer 4
eycles (rapid heating to 10000, quench in water) had ine
creased by 7.3° times while cylinders of the smame nateriecl
having a diameter of 15 mm and = height of 22 mmn had exe
perienced an increase of 10,5 fold., In this case an ine
erecage in the dimensionz led to a decrease in the thermal
shock rzsistance., It should be ncted that in all the
experiments the larger parts invariably had lower thermal
shock resistance as shown by cracking ard friling after
fewar cycles ~nd by a grester increase in the initial
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electrical resistance per cycle (a reduction of the initial
ocontact surface between the structural elements).

The shape factor whioch influences the conceatration
of stresses and therefore the thermal resistance was found
to be quite significant. For example, the rounding of
sharp edges of the oylinders always led to an increase in
the thermal shock resistance of the samples, Even in the
case of 1dentical stresses caused by the oyclic variations
of temperature, the larger parts should be less resistant
to thermal shock. ~

Let us consider the case vhere the part undergoes
a reversible deformation in some dirsction of £ 0.,1% under
sharp cyclic temperature changes, If the dimension of
the body in this direction is 10 mm, then the total de-
formation in thie direction will be £ 10 misrons. Thus,
the reversible deformation in the body may become ir-
reversible If a crack with a lateral dimemsion of 10
microns is formed. As a rule the cracks due to cyclio
temperature changes are formed between the structural
elemente of the material and not within them. This is
particularly trues of powder materisls having incomplete
mutual contact between the structural elements. If the
dimension of the structural elements in the bhody under
" consideration is 1 micron, then the conditions favor the
formation of intereparticle oracks (the total deformetion
is 10 microns and the thermal shock resistance of the body
. will be negligidle). However, if the dimension of the
structural slements were 100 microns then thes formation
of inter-particle.  oracks would bve more difficult and the
thermal shock resistance of the body would be consideradbly
greater, If the body dimension is 1000 mm, the deformation
~per oycle would be £ 1000 microns. In this case even if
the dimeneion of the structural elements is 100 microns
inter-particle cracks may easily be fcrmed and the thermal
shock resistance of the body will be very low,

Thus, the thermal shcck resistance of a body will
increass to & certain aegree with a decrease in the dbody
dimensions and will increase with an increase in the
dimensions of the struotural elements of the body. This
body dimension relationship alwaye hold true regardless of
the absolute dimensions of the bedy. In regard to the
structural elements of the body, the increase in thermal
shock resistence with increasing dimensions of the struce
tural elements 1s valid only up to certain limita. In the
case of very large structural elements failure under

thermal oyoling may occur within these elements which leads

t0o their d:;i on into smller strugtural
beginning é some limiting sise ag.
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eyoling causes failure within the structural elements
rather than between thism, further incresse in the diaensicns
of tha structursl units is not helpful., Morecver, it may
ve hermful for the follovwing reascnss

1) frecture ¢f the structursl elements may be
accoempanied hy = definite crientaticn of the newly formed
smgller elements in sccordance with the temperature gradieut
which mey sericusly reduce the thermel shock resistancej

2 the tond between the large structural psriicles
in meny cesec is weaker than that tetween the smeller
perticles and inecreases the tendency to cracking;

3) the thermal shock resistance is further reduced
tecanae of the cozrsening ¢f the pecres during the increzse
in tve dimensions cf the struetural elements.

Thug, there is n definite size cf the strvctural
elements below which an increase in dimensions (either
gimple or ccmplex) leads to an increase in the thermel
shock resistance ¢f the meterial and sbove which sn in-
crease in dimensions ceuses degr=acation. '

The following basic foctors lesdines to significrnt
imrrovement in the thermsl shock resistance of the pevwder
metals in comparison with the case metals should be noted.

1) the structurel elements of the rowder neat-ls
rossese "individuel" choracteriasties to e significently
hirer degree than the grains «f cast metala, This
{mproves the resigtonce of the meterial to cracliing under
deformetion snd consequently improves the thermal shock
regiastance, TFor exsmvle, a3 stack of unglued parer aueets
mey be easily bent without eny failure while the zame
stack ¢f wellebonded sheets will fail +":en bhent.

2} in Ref 1 i% was shown that finely-diapersed
pores c¢rn increrse the thermal shock resistence awd that
Tine epherical pores are perticularly fraver-~ble.

3) the nossidilities of regul=ting the structure
in cest metals is much more limited then in the powder
metelg. TFor exarple, the atructursl elemsnta in the
povwder metal materials can te either simnle, 23 the grains
of the e2st metal, or complex.,

These complex structurasl elements sre sggrecates of
particles vhich mey in turn be subdivided into greins.
There nre definite advantoges to the preducticn cf pewder
preduete from these cemplex structural aggregstes rsther
than frem particles. 7The rncres dbetween these ccoarce
structurel sggregetes fre smaller than theose tetween simnpile
particles cf the same dimensions and the strength cof ‘he
tonde bvetween these sggregates is grenter then betwaen
particlee of the same size. The strength of the hond bet'een
the rerticles within the aggresate are gs » rule greater
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than betwsen siupls part-
ivies of Lthe same uize

(for identizal couditicns

¢f preparation of the part).

There are gaveral
typas of such agereguates.
Aguiaxed aggregeiszs of
varticlen %granuies) were
firet described by cne of
the authers in 1038 in
Kef 4. Another tyve is
that of tha fivrous
agegregates wilah oon te
obtauined by the proceqsing
of plasticized wixturws of
powiers in aspeclal cen
trifuges (Ref 5) or by
axtruding the placticlized
mixture through 2 Filter
s meat grinder sori of
device, ate, The %
type is sheet roll
plosticized povder {
From zuch ghest it 3
sible to form nroduc
— slmple winding of tha ahes
¥ig 1. A sample of aggregeted with subsequent sintering,
sheet (porallel to the axis by cold pregsing aiter
of ferming) (x10) winding and lnter sintering,

or by hot presxing.

It is known that & thin-wzlied ehell is much more
resistzot Lo thermsl shock than a thicke-walled eyvlinder,

The structure of tne sheet shoun in Fig 1 i3 & sort of ¢
thickwwalled cylinier consisiing of more or lssa irglivide
ually sepcroted thinewalled shells. Materisl with such

a structure, as might be expactad from theoreticrl core
sider-tiena =nd ss has been demsnsirsted bty our experiwente,
is muchwmore reaistant to thermz) sheek than the uousil
Towoer or caast meterizlis,.

Thue the methods of powder metallurgy prerent greot
possiblities for the contrel cof the gtructure vhich may he
looked upon as a sort of "internal Tramewcrk" of the
ereduct,

In our work we did net atterpt te investigate the
influence of the compesition cn the thermal shock resis-
tence. However, the experiments were ecnducted with
materizls heving different ccmpositions in order to con-
firm the gensrality of the rel=tionships derived. 1In ordey
tc reduce the time renuired for *he experimente the com-
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positione included some having low thermal srnock reaistance.
Table 1 presents the menn results of the experiments
~on the effeat of the degrse of aggregaticn of material in
ecuiaxed granules, The initial particle dimensions were
of the order of a few microns. The material was mixed in
nethanol in a ball mill for a period of 36 hours. After
L drying, part of the meterial was subjected to direct hot
:Xressing in cylinders of 15 mm diameter and 12 mm height.
nother part was mixed with a sclution of rubber in
"‘banzene in order to obtain granules of the necessary di-
.mensions. Part of the granules were subjected to a pre-
liminary anneealing at 16000 for 3 hours. All the materials
were subj::;ed to hot pressing at 22009 under a pressure
ol 50 kg/ .
: . Table 1
TiC-Cr3Co=Gravhite, mixed for 36 hours

aspavennue rpaNynm | Cocuen: rPpaRy.I
Daanep rpanza, mx ﬂmul nnc:::o tenno- y;(en'mml Twn_rac:wu o
@ ¥ g
He rpnnyu‘-@‘ 3,88 10,5 (nenoa- - 0.5
posduNle YAOTR- - gei quka) .
e xo 0 @ :
425 ¢ 3,68 9,7 3,84 13,5
160 3,82 10,3 | 4,43 17,7
200 3,77 53 ; 3,7 | 140
250 3,80 &4 4,42 8,3
M5 3,68 7.9 3,78 11,0
350 4,04 10,3 | 3,02 11,3

-grantle dimension in microns
unsintered granules

sintered granules

specific weight

number of temperature cycles
none-granulated particles up to
incomplets cycls

from 12000 into water

Table 1 shows that the non-granulated form of the
naterial had no thermal shock resistance. Granulation cof
the material increased the thermal shcck resistsnce by
(0-~35 times, or more then sn order of magnitude. Thers is
arn unclearly defined optimum granule size at about 160
microns. The better sintered granules hed a thermal shock
resistance from 1.1 to 2.6 times higher than the material
formed from the unsintered granules, '



Table 2
TiC-CraCo-Graphite, sintered granulies,
mixed for 138 houvrn
1 Pany e md RapORios,

He, :xu;(.ﬁq-qy-‘-u‘ et 0 fuie L pan, i m3 saptinion, nog

'evr"“a anbponoMoay
aames rpa. ngno;xy i

Y e
@ J,xe.xi::::un A | wacHo rraio-
et e ._—i»-._.—.- r-——-@‘-——-‘mn —\.-..A—‘zb-“."
He rpauy-l 3,0 | (U4 3,86 (U]
Auporai
125 443 8,5 4,14 10,5
%0 | 4,07 | 12 3,85 14
200 B.8: 10 3,85 13,5
445 N O (U ) 3,85 11,5
350 3,79 | 1 3,80 if
0 . 30 |7 2,8 | 10

7)) grenule dimerision in microns

() carbide granules not subjected to vibromilling
(¢) carbide granules subjected to vidbromilliug

(d) specific weight

(&) number of temperature cyclea

Table 2 presents the mean results of the effect of
Tibrcmilling on the thermal shoek resistance. 1t ia
cgienr that the preliminary vibromilling raised the thermal
gtiock resistence of the granulated material by 20-50%,

In addition, this series of experiments confirmed the data
nf Toble 1 on the favorable influence of granulation on
ihe thermal sheck resintance.

Table 3 pregents the results of the experiments on
“he effoct of the homogeneity of the composition of the
grenules. In this serier of sxperiments two types of
grinule wera compared: 1) a homogenous compozition,

2} a mixture of TiC+4 Cr3Cz with grenules containing
igrephite. The data of Table 3 shew that the composition
of granules of the first type were 30-4077 more resistant
%¢ thermal shock,

Table 4 shows the favorable effect on thermal shock
wegfat-necs of extended wmilling of the initial mixtura and
Table § shows tne effect of granulation ¢nd of strength
of the granules for & composition having a higher resise
tarce to thermal shock, SiC-ByC-Grerhite. The atrength
of the granules incresses rrogressively with increased
reistening of the charge with benzine, bonding with mmdier,
hording with bakelite, and sintering of the gramiles, Tt
i® clear from Table 5 that as the strength of the granules
i3 raised the resistence to thermal sheck of the composition
‘9 improved. As the pirength of the granules is raised
their optimum sige is raised. For example, for the weakest
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granules ortsined by moistening with benzine the optimunm
thermel shock resiatance is found for granules of 160
wierong while for the stronger (bonded) granules the
optimum is at 315 micrcns, and for the strongest (sintered)
granules the optimum is at 350 micrens.

Tsble 3
TiC~Cr3Co=Creynite

; Cpanyau TG 4 Cr 0y - t i prayms ovxentie TiC -
i @ +C @»:~ CryCy oraeapny
PaaMep rpanym, aw Ty I oo e
: aBeIV TEAT0- . M0 Temy0.
@ pyasmnai pec | MO0 [yae vy ‘uec‘i e
S — -_,-..@....._‘. e é)___.._._ o e .@ -
- Do | A
104 . 3,97 ; 10,0 ; 3.Th ! RY
350 boass 1w oam L 62
75% no mecy 350 n UL % S 91 & S
Ine. pa gocy 16 ‘ i
239, 1o Becy 1530 | i 5

granvle dimension in microns

granules

granules of TiC#CrzCo and separate granules of ¢
svecific weight

temperature cyclaa

5% by weight of 350 and 257 by weight of 160

Table 4
TiC-CrzCa-Craphite
j Panuoit i ane. ’@ NEUL B ‘
3 a.;mgma?ﬂ. ‘:‘.w-';:"‘"“’ 'Ill";m;en i‘y‘wlgg! it ;w:‘;-’:(«:”o . Lipumednnus
> BRI 1 : ','_.,;,“';
2re pre
He rpasviag. 3,90 L R N < R O 88
puRKAD i i @
125 bo3,81 LFE T 15 SR Heenvacanue
160 2,96 G0 466 | 42,0 | TPaRYau
#00 3,8 85 | a8 0
M3 3,8 8,5 wbh |10,
350 3,76 8.9 LI 8
350 2,70 5,0 394 1
125 5,83 8,0 1 88 | 12,0 |
1680 43,69 8,0 g 4.0 : 12,5 (:nfqanm,ze 1pa-
200 40 ¢ 85 | a1 19,5 e
215 SRR 11,0 l 37 B @
350 3,81 10,5 3,7 1 1.0
350 3.8 5,0 3,83 | 10,5
grenule dimensicn in mierons (f) romarks
(C) milled for 18 hours not granulated
(¢) milled for 3 hours unsintered granules
(d) specific weight sintered granules
(¢) number of tempersture cycles
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Table &
5iC=H4C-Graphite

;
(o TSR {3 HHITONIHY & b 8 iC»t:mmzhw Ganelvis- 'pm%,m ¢ Ppanyim

‘
7 TNt 3 1 e
CMattteaiiie Qo g, TOBH HARL Y )

A, LY

Faumey Tfu-
AKX

i
, |
= ! ; L ;
o [ AN EATT AU T B 20 I RRGETNIT S TR 14 PALNTSUF MU R N T - S IR
A ' i, L It ‘ lig 28 “'{(‘HJH\ aen ) n !;'L'il.)u\'-' i} I s, NI Me'TY
—@ R ol - b AR 5 : P
! i . i . i
. s T [ o ! 4 a7 : [3 ! ) {0 : o
I WY/ : A T T 2t
" . . o v
60 2,00 NSCRNET P B R T T AL U
200 | 1,9 R Y S A R L
1S 1,42 AIRCR L U (TN SR T L B T X 1,65
- H . . 1 . &
BLT 202 R T R TR : Eous s | 6.0

grenule dimension in microns
moistened with henzine
bonded with yubber

tonded with bskelite wvarnish
sintered granules

specific weight

mimber of tLemperature cyeles

Table &€ presents the dsta from the testing of
samplee of unsintered sheet oriesnted parallel to the
axis of forning of the sample (Fiz 1), of unsintered
foils oriented pervendicular to the axis {Fig 2), 2nd of
unsintered gravules. The resistance to thermal shock cf
the semples fommed from foilx having #n open asurfree and
orientesd perrendicular 4o the axis of forming wes low.
The eamples of zheet having a ' Aw
cloged surface snd criented
parallel to the axis of form-
ing hed the highest reistance
te thnrmal shock.

Ve alse compared same
nles prepared from fibrous
gramiles with samples from
aguiexsed granules, The same-
vles from agaregeled fibre
sontaining TiC, CraC: and
growrite withstood 15 tem-
pereture cycles viile samples
of the same compogition with

equisxed granules withatood -

only 1) eycles. The elecw Fig 2. Sanmple cf agere~
trieal reslatence of sewples g2i2d foile (pervendicular
prepered from ageregated fibre to the axie ¢f forming)
incresnged only about 2/2 as (x4)

much per tempersture cycle za
did the resistance ¢f i.he samples prepsred from equisxed

> 4] -



granules,

The observed data are in sgreement with the general
principles of physical and chemical mechanice developed by
P,A. Rebinder in Fef 8,

Table &

TiC, Crzla, Grapnite in uneinter=2d grenules

% 5 i . 38 No of temp
Originesl material wg ‘ oycles

Foils, orientes perpendicular to the |
forming sxie (Fig 2) 3,78 1 1.2
Sheets, oriented yperszllel to the
axis of forming (Fig 1} 3.91 18.5
Uniform grenules«250 microns 3.82 8.7

CQNCLUS IONS

1. The mecharnism cf the thermel shoeck resistonce
of the pevder metal was investigsted, ‘

2. Preliminery granulation (sggregation) of the
pgwders significantly incresses the resiet=nce to thermal
shock,
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VISCOUS FLOW IN THE SINTERING OF POWDERS
BY HOT PRESSING R

Bt s s 26

(Following is the translation of an article oy M. S,
Xeval!chenko, and J. Y. Ssmsonov in the Rnssian-lnnguage
bouk Issledoveniya po Zharoproshnym Splavam {Research on
t Refractory Alicys), Vel 8, USSR Azademy of 3cionces Press,
Hoscow, 1962, pp 116-126, )

The growing =pplicaticn of materialu ¢f nign melting
roiﬁt, extrena hardness, high temperature resistence. and
tegiatant to the acticen of warious owrr siVe medin in
numerouas srenzs of modern technelogy is relsted te the use
cf the refracteory meotzls avwd coubinatiens of these nnixls
witr nenmateslg aueh ¢z earbon, beron, nitrogen, and
gilicon {carhides, boriles, nitrides, »nd ®ilicides).

The high melting rcints of the r@’raotcry matals
snd comrcundas ¢ well z8 the tendency of come of tnem ¢
digzoci~te vucs maliting lesds t¢ the reguirewmant *or pros
duetion in the feorm of povders witlh the ~qu°~uenh TYnnsge
formetion into ecompzeted producta by means ¢f the povwdex
metsllurey teeuniques. There are two bagsic mettods used
in this process: c¢old presning of billets with subsecnent

~n*9“1n‘ and simultanecus pregaing ond sintering cf the
pouders \bc+ pressing).

he lstter techuique nrcduces & fine-pore product
from the nighemelting point, herd, =nd brittle mevsls
and compovndes with » vinimum expendilure of tine (*rfs 1,2).

A3 sr.own in T eofs 3-8, during sintering cf he
rowders in tre eclid phase there 1s visccus cr rlastice
flow ef the moterizl under th: actien of capililzry ;o es-
aure ncting within the pores ecunl Lo 29/ , where o~ is
the surface tension smd 1 ig the rﬂd*us of the nore. A
higher rete of compectiorn during the sintering cf the
rovders by hot pr»qvllm in cemperiscn with ccn rer:t iunel
gintering (without externel pressvwﬂ) ia duz to tre cayp-
illrryv nrassure %n*r" surnlementsed vy the externsl
rreszure (Raefs 7,8),

“eaed on moiels of c¢losed sphericel sensraited prresd
and cn the conclutiens of the ,Jencmenﬁlogical theory of
sintering cf locKenzie and Shuttleverth (Fef 6 5}, the
avtrors ¢f Ref & »x» rese hie fallewing euxation fer the
rote ¢f compsction ¢ the matarial during hot prescsings
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vhere M 1s the relntive denzity of the sintered bvody, tnat
18 the ratic of the density cf the porous material to the




censity of the perticles forming it; t ia time; P is the S
external rressure; » is tre ccefficient of sheer (12:iner)
visceoeity of the compeeted meteriesl.

The sublareripts 2 =2nd ¢ ccerres~cné tc the rete cf
cempretion Juring ot vreseing snid during conventional
aintering.

"is equeticn, isnorins the first terrm on 1he vight,
i.e. ¢ che zssumption thet P &%, s used in Ref ¢ to
etermine the coefficient of viqcoqity of aluminum oxide
at sintering temperstures. Hovever, o3 we shall shew later,
this determinaticn is invalid since equeticn (1) does not

ive satisfactory agreerment with the experimental data
refs 10,11). .

T™ils paver rresents the rhencmenolcgicel vievw of
the precess of ccmpsetion of the meterisl during the
gintering of vovders Yy het preszing in lisht of the
mech»rnism of the viscous flow of crystalline becdies,

A rexrecus Yody Auring the °int°rinr in the sclid phase
is ~ mixture of vrreroticelly incompressible zclid rarticles
And ffsolutely cerrrassible veids which results in a merked
cempressivility (Tef 12). As o result of +the chaotic dise
tritution of thke solid rerticles and the wneres threcugh the
velume of the rorous btedy, the latter mey te considered
isctrepic, takine into zccount the degree of reresity by
the cocefficient £ which iz equal to the ratic of the velume
of the =ncres Vo te the tetal velume of the meterial
Ve V14V, vhere Vi is the volume setuszlly cceuried by
the sclid perticles.

The cverall specific volume of the body V snd the
velume cf the pores Vs may e exrressed in terms of the
s?ecific volume of the sclid part*clo: V; f rming t
sinces

) V,"‘
t/hence
R L 3

From the meercscoplce roint of view the process of
the sintering o¢f rowders ty hot presasing mey ‘e described
#a the process of the three-dimensicnal visccus flcv of a
rercus tody under the action of the forces of surfece
tensicn ~nd tre arrlied externsl pressure. Zince this

recess is acccmpenied *y e reduction ¢f the vel
?lhrinkagg)_,‘.w iy “thet the
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It is cleary that er. imsiogous raletficn withy o co
efficient 4i fering Trom & will held for a4 pore of eny
ETATEe .,

Then the rate o1 contrrmesion of the surfece cof the
jore may be expressed vy the eausticon:

e ds f.'t‘ -t rz‘
v‘tq a»? o oy T
Censgidaring that the tetal surfs

egaurl toe the cum of the surface srems
revree, the rate cf cuntrretion of the 1o
the rores of the mintsred hedy rmy he v

e of the pores iz
tihe wmddvidual

ctel surfasece of
itten in the lTorwms

W aig) 4 dT,

e LA e
ot o« ook tde
P [

where Yo ie the Lotel volume of the tores and n ia the
mber 6F cores in the volume U,

3ince vo | eq m=l te the linesr dimension of ths
pore do, snd in light of eovetion {3)

substituting into equetion (¢} the value of 4  from
axrression {4) and d”/ﬁt frem formalde (7). axpressing
the total volume V snd the volume ¢f the wores Vo in tams
of the vclume Vi from formules (5}, we obiain the desired
relation fex ths rate of chenge of porosity aa = function
of the 2xtermnal Torce agting on & porous bodys:

N /u!l—« fj :

ul y H

. I8)

For the case of the ginbtering of powders Ty hot
wing, the seccnd term cn thie y;p it in squstion (8
ve neglected Toy the aske of simpiificetion. Tho basis
tor this ie that, for ¥ of 100 ke/em® or 10° dynes/cm®,

of 10 micrene enld *Te naxirum rossitle value of o- cr
?%OO dvneeg/em, the cusntity

4 . 4 2000 s uuu - X3
el e \b o
& =] = 8. 4 S :ﬁ;

‘congliutes cnly 10% of P. With an incresse in the externsl
prepsure the esntritubion of the surface tansion to th

rate cf compection will decresse. Trnerefore, integrating
TALERS u,&&i without the aerrnd tarm on th& right =nd




determin:ar ine senatant of dntegr-iicy “ron tne crndition
f = fo for t » 0, we chtain:

{
. 5 .\ Pl dt
#h./ufghuxv»n‘.%Jn/o+7§hu3-»h,=-«-zsﬂr. @
30 e ——p—
<
\q; 7

02 YA

e X

Y e
N 74

Ly e Sy ?“%“"ﬁ' igsc

penr, men. (3

Mg 1. Tasistion with time of the relrntive
derncity ¢f rompies of ngete: carbide under
Fa
3
&

'-“
ol
4

t
a2 rregsurs of 1858 kg/em” for itemperatures of:
1« 2100, 2 - 2200, 3 - 0, 4 - 2400,
5 - 25000 relative density ® time, vin.

Hultirlying toth sides by =1 ané intrcdoeing the
notatien

Fify= = 3@~ gty FI@=f)+ s fe  (10)

we vrite equzticn (9) in the mere ecempect form:

F'(f,\-:{;d'?,{“- {11)
[
ine quumtity F(f) is thne measure of she inc..asze in
dencsity of vovders during sinterirg by hot pressing.
Tor 3 = conatant, which is velid fcr Weitcnien rodles,
for exemrvle glns~ or resin, equation (11) takes the forn

F( =L, (A2

In order to comyere equztion (18] with experimantel
vaines, we sralyred the dnte of Williams (Tof 10) ottsined
durins the aintgring ~f gl=gs »evder under rrossures of
AC ~wA 3 kp/em™. The valuas of the reduced chenpe in
nevosty F{f) ealralrted by Fermule {(10) varied lincarly
with “ha time of =intering (Tig 1), which confirmz the
cuelitetive apreement of eaurticn (12) ith the experimental
deta,
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The slope of the lines wes used tz calcuinte the
value of the wiscoaity of the glaas (thz glass ccmpesition
wez not incdicated in Ref 16) at a_tempersture of 600C.

Tre velue was found tn be 7.86x10iY, which i{s of the order
of magnitude of the handbook valnes., However, with ths
assumption that is constant, ecustion (12) is not ap-
plicable to the described process of the sintering cf
pewders ¢f crystalline materials zince in this case thers
is considerable devistlon of the experimental values ¢f
F{f) from ithe linear relation given by eguation (12).

For thnis reason we must presume that the sintering of
cryvat: 1line powders takes rlsce in cenditions of unstewdy
flow wherein the coefficlent of rshesring viscozity of the
erystalline bodiec depends on the duration of sintering.

As shown in Refs 4, 17, 18, the megnitude of 2y for
viscous flow of cryetalline bodies of constant chsmicel
compostion 1s given by:

L= hir | ($3)
waere T ie the self-diffusiocn coefficient, S is the veluwe
per atom, kX iz the Boltzmen constant, T is the ahsclute
temperature; and L some characteristie dimension, for
exsmple the mear disameter of the subgreins (mossic hlocks)
free of dislocations (Ref 17), or the mean dimension of
the graina (Ref 18).

Lsauming thet for the cass of sufficiently emall
grains (Lo about 10 microns) T is determined by the
dimengion c¢f the grains, then & chenge in wvisceslty may
ve noted sa the mean dimension of the grains {particles)
chsnges with their growth. Since the growth of the grains
during secondary reeryatallizztion takes nlace 1n accord-
sngs wityr the parnbolic lasw (Ref 19):

e I3 KoVt : (14)

where | is the mean dimension of the grains at time t, {,
is the initizl dimensicn of the greins, K iz the resction
constant, o~ is the surface tension at the grain houndary,
ard V 1s the volume of . ¢ gram»moleogle. Then, sul-
situting expreasion (14) in place of L< in equation (13},
the chenge of visccsity with time may be given in the form

ey (H--—-ic : :)kT' 49



. D27
A WowT
» i3 the viscosivy ¢t t = §, corragyon’ing to the dim. nsion
off thne greins (J, , we errive et the following veriction of
the shearing viscosity o7 the compacted mzterial with time;

(168)

i~

I'd .
Denoting :ﬁZ;- ond neting th-t

n{t) = py ({1 + bt).
Substituting tris relstion in the vivv rrrt of

equrtion (11) we cbtair the veristion of ihe ch=n*e in
rorosity with rressure and cdurrtion of sintering:

) = 'z%“ la (4 + be), 17

wr.ieh ig sprliiceble for the desaribed rrecess ¢f the come
reetion of revder s ol cryatelline metericlas by ot rreszing.

e vriue o° the coefficient b mieh 2 inrvrecuced
mey ve ratrier eesily deter ined frow the éd=tz of (he matnole
logrrnbile determinetion of the neesr “amension of the gSysins
as =~ funriaion of he dureation ef sintering fro. the formula

r—4 (18)

1 pe——

2
it

In the erse viere the rhoeracteristic dimevaien I, is
deter-iged from vhe dimension of the subgrains, the volue
of b will dirier very little from that feund by io*‘u¢a
{18), since the groumh of the graing tekes place by the
aame Aiffusion mechz2nism 2nd, in addition, b ~Afr¢qcnt@

T oleh

the relriive squared rate of growth of Lhe grsing
shenld ot chenge for = provertionsl redacticn ¢
r“[ abering in it. The axisterce of porozity ~ud ine
gemnleote con' et “etween mertieles wry influznce *tle ag-
31«‘%9 cf Ve
Zouvever, feor sintering terer:siores
r/4 or zcre of the meltine tempwrwvuve, e v in :
Fflvanece ¢f rnerosity, as 2 n exrerimnents (Tef 17 s

A}

3

et ometed,

t 3.culd e noted Rhnt oo oyol
cruatior (15) “,_'C~\.? Teon Aoerdred Ly oot
crriime i the rete of tha nenestandy
ay sre21) tersien in Tef 20,

“la used ecvﬁticn 17 for raciyvzing exsrrirentcl oty
er the uintzrings by hot »rossirve ¢f /7 nevder. Lere-
in~ of Suntten c***:éﬂ, of =--veaiticn rlinze to -iCiCli-
ematrie ~nd hfving nern grcin 2dwensicnsg m= Jetereined

Vv micresconio inve~tic~tien ¢f ~“he povder of ~Tout 17
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whers the coefficient 6 rather than 4 apprears in the de-
neminztor to acecunt for the non-uniferm cerpreseisn vhere
F{rean}z {3 (P ¢+ P+ P3) »%P {P1, Py, P3 sre the vormal
aprlied streemes and P is the prescing vressure),

Tatle 1

Yalues of coefficient v, viscesity o
and energy of "lsosening" o

¢ @ s ST T TRE PR . e
| W i 1% i 165
Texne:v.gil : : . e
e, 8 N ] : i
P N i o Mo Abaws | Ner
& B Ay g | e | g s
T | & N
! .. i '
20¢ 1 0ms | 2.00.40u 0,025 | 2.9 108 0,035 1 2,08 w08
2200 | 0,022 2240 | 000 | £72400 | 005 ¢ teaon
200 | 6,080 | 446900 | 0,085 8,60 i00 030 1 62000
2660 1 0uds | os2aue L0078 83000 0,00 | 53240
2500 ¢ 6,055 | 5.98.4010 | 0,005 | 5.70.i08 0,0 b 202100
! } ! } b
oL 84 500 77 000 73 (00
v, FI V1Y @

2 Tempersture, OS¢
Fressus 2, kg/fom®

2) b, l/min

& g/cmesec

& cel/mol

e

The czlealinled mean wvelues of 72, fer tuugstan carbide
ag & funerion of tamperature snd prezsure are given In
vabls 3 while the veristion of the viscosity of the come
rioted Lungsten carvide with duration of sintering st =

-l

cenvtrne pregsure of 167 kg/ew? ga eaiculrted from eruativn
{17} i given in Pig 4.

The dets of Teble 1 show theu the visecesity X, de-
termined =t t ® 0 decreazed with tempersture, The waristion
of the viscosity vith temrerature, according to ecuation
(13), may be prisentcd in the form

-

A

\
%‘n const " KT “9)

e« 3l e



e of

O

where U ir the =nergy cf '1u'ﬁ”viug" of the Intis
the cempocted materinl, nnd K is the gas constnnt,

Thus, %y mezng of aim le ¢
transformations we may obtaln
thae theecretical Formula for
finding the energy of activa-
ticn of "locsening® of the
latice:

-ont

L 8/m

.
\\ i
:\

i

‘1"1 \a

LN "‘ '-' ' { Iu I In; (20)

vhore e, ond 7?.9 are the vie-
cesitics cory a;ouuwu* to The

"emnm{x-rl ~.-{-‘xwa.\9 (0 1 +r a "‘]"}ﬂ;u e & /—) " { E 45 7
gor 1") 1 and To. The mesn @ Brema enphens s smwn

o Tuen the erergy of Fig 4, Rhenving vis-

"ieoacuing® Tor the 40 lattice cogity of compuciad
calcu'nt@& in acecordimce with tuﬂxdvﬁn cnrtide vy
thia formula are shewvnm in gintering time lov
Taole 1, tenpaeraiures Q{Fﬂ‘

- f."‘;.Oi". S o« EBren,

The energy of "leorening!
0 - 2300, 4 - 2000,

for prnctiﬂal nurroses doas net
verv with ihe aprliod Proassure, - 2500° .
Thia indientes trat “he process 5 visecsaly 10717, 6/ /cie
of deformetion of tre W( partic es Bec
takan nlace by A aif“usiﬁﬁ ® sintering time, min
maetizrism in accordence with
the viawro.int presented in this paper. In addition, tiino
is iu KPQPPHL with {he stetemeni in Ref 4 tiat in the caae
of 3-8 Jﬂsnsl nnl compreszion the increcs=e in ﬁree*u"Q "111
lepd to the incroaqe in the rete of diffusion ereoy vita-
out the oceurrence of vnlastice deformztion.

in a gimilsr fashion we made 92 guantitotive nnnlysia
6of *he experimental data of Hunjien and Lidmar (et Ll,””)
on the hetepress gintoring of chromium carhide, Cral.., nat
termer: turﬂs of 1370 - 1690C wrnuer a prescure of 140.0
kglaw’, Tig & sbows ihe vari-tion of ¥ (f) with 1g(l+ v§)
for Cr,hé and Teabte T lietr the values of the cosfficisat b
ant ihe wisco .it, , of chromium carbide. The chonge in
visacaity during sintering determined from tormuln (16)
is aaown on ¥Fig 6,

@
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Fig 2. Reduced vorization ¥ig 3. Reduced va.li~ticn of
ef rerosity F(f) ve time | porosity vs time of sintering
¢t gintering t1r glrse at of tungsten czrobide ot 22000
rYEg~ures of: snd pregsures ci:

1 - 40 kg/cmé; 2.56 kg/cme 3 - 70, 2 - 120, %« W5 kg/em

C)t, min

Table 2

Talues of the ccefficient b, the wizccsity %%

i H . {
“Tewnnsatyps, ! ! e j Ve reparypa. | o | o
C R R L sioarex | 5] {b Llaes ac 9
. | | Y ! 1 ——
5 Y .
v 0,015 | SA}W"F 150 * 0,020 | 3.08.50H
1.8 | no8 | Tazioel s o | .60
] .

£y Temyerszture, €C ) _
L b, l/min Mote: U = 81,820 c2i/mol
©) Mo ,;,r,,/cm-s’ec

The t1eory yresentad here ig in =arecment . iin the
cuslivetive oragrvaticns of Fomdis o srnd Lidusn (Tefl 22
vhiczh snewed thrt the asintering vroces. uzing hot wres: ivw
veuld Te sepriated into three stereas:
11 the fermrticn of tends “eiween poriticles
2y dnereace ir dennity with sinultarnacus irerer e in
prriicle Adnensions
Y precth of thae graing without noticec™
aarnle Carsity.
™e derived ecunticn (17) may Te uced 20 9 hoeis
for = reticnnl aelection of the sintering cenditicens in
1he Yot rreossing of rowders.
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Fig 8. Peduced changs in . Fig €. Shearing viscosity
poroaity F{f) vs time of c* cempected chromiur carbide
sintering for chromium car- ve time ef zintering &%
tide under g rressure ¢f - tamperrtures cfe

120.8 kg/em™ nt temperztureg 1 - 3370, 2 - 1420,
of: : Gl w 3 - 1840, 4 - 1550C

1~ 137C, 2 - 1220, %»-visccsity W7+, gfemesse
2~ 1540, 4 - 1590C aiatering time, nin

A eimg]e calculaticn using equatien {17) shouws thet
for 2, = 1C O g/em=sec and b » 0,02 min~1 the comp=ction
(sintering) time from an initial porosity of 455 to =
nveroeity of 17 under a pressure of 150 kg/cm® ia ebout

7 minutes., TForp, = 1941 g/emesee 7nd b = C.0L1 min=! the
time is 110C hours. o

Thus, the process og sintering tekes place relativaly
quickly when 2, is about 10 0 glommgae, The refractory
sétmpands under optirum conditicns of sintering ¥y hot presg-
ing (Teble 3) as established by experiment poesess thisz
order of coeffizient of shearing viscosiiy.

In this werk we have nct <onuidered the sliprage
2lon” the boundsries of vhe greins whici weuld he sigwificant
at the lrrge valueg of the porosity vhich ocecur wvhen in-
cenmplate packing of tha varticles is present, YWith increcae
in cerpmetion tris effect will diminieh sherply. '

As we have indicnted earlier (Refs 2, 11) egueticn
(1) can also satiarsctorily deseribe the process of come
vacticn ef vouwders vy het pressing if contideraticon is
talren ¢of the wvariation of. 7 vith time. TFewever thec vialuns
of po caleulated uning this Tormulos frem exrverimental deto
are arrroximetely half of the correct vnlucs,

these ccencideraticng rolate to the irravorsitle
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Teole 2

Conditicue fer siuteriag ty hot pressing
of »eowder:: ¢f the refractory ccmpounds

! } i
3
Cocasne- ; Tewnr a [Irancuse va eneilipsion ine. (ICTETGETAR BopRC-
SEs . TYPE gy huesl f1-LOIRON] WASRA, (TOCTE GOCNESEOTY
i »
{

waney, *C | €92t 1 1 e3rauN. %
G g @ igh | FT
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Ti e 420 ‘ 2 i 0.5-3
YA 2000 2 i S 2---3
Nbo a0 198 : L €7
Tu': 26 %3 i [ S
Cadl) 9% e 5 | 0,71
Mot | 2800 424 1 ] i 910
we ook gt s i 12
Tine 200 TP 'TH i 1.3
ZeN 20 4 135 LI
TaN 2 $5¢ A R
TiF, 2606 | fu § 1 e,6mi
2els 285 ! §20 15 j G
ity 26905 @ £+ 0
NhK, ‘ 2883 ! $24 e : o
Tail; 233 i 10  {CI 8—9
Mo-tlg P’ TR 150 CosY 0,54
Wl 2200 120 : & . 0,6~8
CaR, 2z 220 o a3
1.aM, 2.5 4 16 N B
Cel’s 2386 e : s r2
Vi, 2850 ! $40 ! £ 1 B
TiC i, fan 24 : P 0.2--2
/2 PR R [ TCH 46 ¢ P 5—8
Whisy | ARG su s 10
TSy aetws one P S
Moty HEETEI Py : (TR
W&, ¢ ubh 2 . I 0
Fetliy T ! ok : 1 7.8

() ccrapound

(T) si1itering temperature, ©2_
o) sistering pressure, kg/em”
(D) sinterin: time, ain

(e) rezidual perosity of “he eintered produci, 7

cnange in deneity of sintexred bodies. A% the same timae,
during hot presasing revercible changes ¢f the dencity
after removal ¢f the external pressure are noted which avre
related with the relexation of the volume. This effect

may ba significant fcr rorous aemi-crystalline bodies. The
reversible chanrge in density waich we inventirated in the
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sintering of Moad pcwdar Yy hel preszing fo golis
Jeseribed vy the axwounential ecusntios::
N -t
T.I.P = COnstes T
where S/A42, it the rerstivs veverzibple Shnnge In 4
A e the ecuiiivrium density eatrpllichned afr-2

and ¥ ev!fia the relexatisn time,
It o feund that fer Hegl over the Tanrcrtu
renze s 2000.230CC ¢ 5. .90 sec end U e 75,000 ¢ad
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